We study step flow growth of epitaxial graphene on 6H-SiC using a one dimensional kinetic Monte Carlo model. The model parameters are effective energy barriers for the nucleation and propagation of graphene at the SiC steps. When the model is applied to graphene growth on vicinal surfaces, a strip width distribution is used to characterize the surface morphology. Additional kinetic processes are included to study graphene growth on SiC nano-facets. Our main result is that the original nano-facet is fractured into several nano-facets during graphene growth. This phenomenon is characterized by the angle at which the fractured nano-facet is oriented with respect to the basal plane. The distribution of this angle across the surface is found to be related to the strip width distribution for vicinal surfaces. As the terrace propagation barrier decreases, the fracture angle distribution changes continously from two-sided Gaussian to one-sided power-law. Using this distribution, it will be possible to extract energy barriers from experiments and interpret the growth morphology quantitatively.
I. INTRODUCTION
Epitaxial graphene grown by thermal decomposition of SiC is an attractive enabling technology for integrating graphene into silicon microelectronics 1,2 . However, scalable production of high quality graphene film is still challenging. Progress in this field requires understanding of the growth mechanism. Unfortunately, most experimental results on epitaxial graphene growth are qualitative. The same is true for the interpretation of these results.
First-principle approaches to this subject are difficult due to the complexity of the graphene/SiC interface 3, 4 and an unknown step structure. Previously, the present authors introduced a simple one dimensional kinetic Monte Carlo (KMC) model to study the epitaxial growth of graphene on vicinal surfaces of 6H-SiC 5 . Based on a study of graphene strip width distributions, the simulation results showed two distinct growth regimes dominated by "coalescence" processes and "climb-over" processes, respectively.
Besides growth on SiC vicinal substrates, it has been shown recently that graphene grows spontaneously on nano-facetted SiC substrates [6] [7] [8] . In this context, a "nano-facet" refers to a stable structure composed of several closely-spaced triple bilayer steps on the flat SiC surface. Suprisingly, perhaps, growth on a nano-facetted surface often leads to better quality graphene films on the adjacent terrace 6, 7 . Growth on nano-facets also plays an important role in graphene ribbon growth 9 . The purpose of this paper is to extend our previous study for vicinal substrates to include growth on nano-facetted substrates.
Commercially available SiC substrates exhibt rough and scratched surfaces. An effective method to produce atomically flat vicinal surfaces is high temperature H 2 etching. For on-axis 6H-SiC substrates, this method produces vicinal surfaces with triple bilayer steps. This type of microstep formation is related to etching kinetics and energy differences between different basal planes 10 . This contrasts with off-axis 6H-SiC substrates where the H 2 etched surface often shows periodic structures of nanofacets. Depending on whether the substrate is tilted toward the 1100 or 1120 direction, the nano-facet makes an angle of ≈ 25
• or 13 − 14
• from the basal plane [11] [12] [13] . Besides H 2 etching, controled nano-facets can be achieved by direct plasma etching of SiC surfaces 9 . Nano-facets can also form spontaneously when SiC is heated close to the graphitization temperature in nonvacuum environments. This type of step bunching is observed for both on-and off-axis SiC substrates. At higher growth pressure, a reduced silicon sublimation rate leads to a higher graphitization temperature. It is likely that at these elevated temperatures, the SiC vicinal surface of triple bilayer steps is further reconstructed into nanofacets to minimize the surface free energy. The formation of graphene begins at these nano-facets where silicon atoms have fewer bonds 8, 14 . Given the previous discussion, SiC step bunching to produce nano-facets may occur before graphene formation. This paper only considers the formation of graphene on pre-existing nano-facets regardless of their origin. We also neglect the difference between (110n) and (112n) nano-facets.
The structure of this paper is as follows. Section II is a brief review of our previous results for graphene growth on vicinal surfaces. In section III, we introduce our new model for graphene growth on a SiC surface with nanofacets. Section IV focuses on the distribution of fracture angles which can be compared directly with experiments to extract effective energy barriers.
II. STRIP WIDTH DISTRIBUTION
Our original model applies to graphene growth on a vicinal surface of 6H-SiC composed of triple bilayer steps. From mass conservation, one graphene unit is obtained by decomposing one SiC step.
Step flow growth from SiC triple bilayer steps produces strips of graphene parallel to the SiC step edges. This allows us to model the growth as one-dimensional. The detail of the atomic structure of the graphene/SiC interface does not play a role here, so we do not consider it in the model. Two model energy barriers are necessary: one is the barrier to graphene nucleation at a step edge ( Fig. 1(a)-(b) ). The other is the barrier to graphene strip propagation. Nucleation occurs at a rate r nuc = ν 0 exp(−E nuc /kT ), where ν 0 ≈ 10 12 s −1 is an attempt frequency and T is the substrate temperature. Propagation occurs ( Fig. 1(b) -(c)) at a rate r prop = ν 0 exp(−E prop /kT ). The two barriers are "effective" energy parameters which account for Si atoms sublimation, C atoms re-crystallization and subsequent graphene growth along the step edge 15, 16 . After a series of propagation steps, two outcomes are possible for each graphene strip. One is that a growing graphene strip runs into another SiC step. We allow the growth to continue onto the adjacent upper terrace. This is called a "climb-over" process ( Fig. 1(d)-(e) ). The other outcome is that a growing graphene strip meets another graphene strip on the upper terrace. In this case, the two graphene strips connect to each other to form one continuous strip. We call this a "coalescence" process ( Fig. 1(f)-(g) ). Both climb-over and coalescence produce a step which is covered by a continuous graphene layer. A second graphene layer can nucleate at such a step under the first layer. We allow the subsequent growth of the second layer graphene to continue in the same way as the first layer.
Our major finding from this model is the cross-over of the graphene strip width distribution shown in Fig. 2 . This cross-over is the result of competition between the climb-over and coalescence processes. We define ∆E = E nuc − E prop and total coverage Θ = i iΘ i , where Θ i is the graphene coverage of layer i. When the nucleation barrier is small compared to the propagation barrier, i.e. ∆E ≤ 0, all SiC steps decompose almost simultaneously at the beginning of growth, and the strip width distribution is Poisson ( Fig. 2(a) ). In this case, coalescence processes occur in a short time interval right before the substrate is fully covered by graphene. Increasing the nucleation barrier relative to the propagation barrier reduces the number of graphene strips on the surface and makes "climb-over" processes more dominant than coalescences. This decreases the peak magnitude in the strip width distribution and shifts the peak position to the right in Fig. 2(b) and (c). Eventually, when ∆E is big enough, the step edges become indistinguishable as the graphene strip grows. The strip width distribution is then uniform (Fig. 2(d) ).
III. MODELING GROWTH ON A NANO-FACET
In our modeling, a nano-facet is a group of triple bilayer SiC steps with a fixed spacing between adjacent steps (Fig. 3) . Hence, the graphene growth proceeds also in step flow mode which can be modeled as onedimensional. The nano-facet can have different angles with respect to the basal plane depending on both the orientation of the substrate and the graphene growth conditions. Adjusting the spacing width in the model allows different initial nano-facet angles. We assume that growth starts at the bottom of the nano-facet, converting one step into one graphene unit. The nano-facet nucleation process occurs at a rate r nuc = ν 0 exp(−E nuc /kT ) ( Fig. 3(a)-(b) ). The nucleated graphene unit propagates upward along the nano-facet at a rate r prop = ν 0 exp(−E prop /kT ) ( Fig. 3(b)-(c) ). We keep the value of E prop = 0 because incomplete graphene coverage on the nano-facet is rarely observed experimentally. In other words, growth on the nano-facet is very fast.
The nano-facet nucleation and propagation processes defined here are very similar to those for vicinal surfaces. As soon as a nano-facet propagation event occurs, a second graphene layer can nucleate immediately under the first layer (Fig. 3(f) ) and the growth of the second layer can continue in the same way as the first layer ( Fig. 3(f)-(g) ). This contrasts with our previous model for vicinal surface growth where a second layer of graphene can only grow at a step covered by a continous graphene strip (see Fig. 1(h) ). When the propagation on the facet reaches the top junction between the nano-facet and the SiC(0001) basal plane, the graphene growth is allowed to continue on the (0001) basal plane but with a slower propagation rate r (Fig. 3(d) -(e)). This is due to the experimental observation that several layers of graphene often grow on a nano-facet before the graphene growth propagates on the (0001) basal plane 8 . We focus on the early growth stage where the graphene layers of each macrostep grow independently, and no coalescences or climb-overs are allowed. rameters produces a simulated morphology very similar to a transmission electron microscope image of graphene growth on a non-planar SiC(0001) surface. The TEM image was taken of a sample which was prepared at 1325 • C for 90 min, with step heights of 5 − 15 nm. Both the TEM and the simulation image show a sharp ending for all graphene layers at the bottom of the nano-facet, where the graphene growth starts. Fig. 4 also shows that, from the left to the right side, graphene layers grow continuously over the junction between the high index nano-facet and SiC(0001). The top graphene layer is the longest, while the other layers have a similar length. In what follows, we call all the graphene layers other than the top one "interface graphene layers". Fig. 5 illustrates the formation process for the surface morphology in Fig. 4 . The original nano-facet is shown in Fig. 5(a) . The first graphene layer nucleates at the bottom junction of the nano-facet, and propagates quickly up the slope until it reaches the top basal plane. This is shown in Fig. 5(b) . Fig. 5(c) shows that the first graphene layer continues to grow onto the terrace and a small triple bilayer nano-facet is fractured from the original nano-facet (This process was previously shown in Fig. 3(d)-(e) ). However, the terrace propagation rate is slower than the nano-facet propagation rate. Therefore, Fig. 5 (c) also shows that the first graphene layer cannot grow very long on the terrace before the second layer is nucleated under the first layer and quickly covers the lower nano-facet.
The terrace propagation rate for the second graphene layer is slower than the first layer due to the increasing difficulty for Si atoms to escape from SiC steps covered by graphene. This leads to a possible scenario, shown in Fig. 5(d) , that before the second graphene layer grows on the terrace, a third graphene layer is nucleated and catches up to the second layer growth at the top of the lower nano-facet. Later, when the second graphene layer does grow onto the terrace like the first layer, another triple bilayer step is decomposed from the lower nanofacet. This process is the same for the third layer. However, assuming that the second and third graphene layers have a similar terrace propagation rate, Fig. 5(e) shows that a nano-facet of one unit cell high is fractured from the original nano-facet by growing the second and third graphene layers together on the terrace.
Two small nano-facets are now fractured from the origianl nano-facet, with heights corresponding to one and two triple bilayer steps, respectively. This is the same type of surface morphology seen in Fig. 4(b) . We note that, in our model, graphene grows by decomposing SiC triple bilayer steps, so the graphene layer always has one side attached to a nano-facet. To emphasize this, in Fig. 5 , we draw the graphene layers as slightly curved at the top of a nano-facet.
IV. FRACTURE ANGLE DISTRIBUTION
To quantify the surface morphology, we study the fracture angle θ made by the graphene layers on the nanofacet with respect to the basal plane. In the simulations, θ is quantified as follows. If the nano-facet height is h, we count the number of units from the edge of the top terrace (marked as letter A in Fig. 3(g) ) to the edge of the bottom terrace (letter B in Fig. 3(g) ), and define the length as L (e.g. L = 5 in Fig. 3(g) ). Then θ ≡ arctan ((h + 1)/L). The initial θ in the simulations is assumed to be θ 0 = 30
• , which is close to the nano-facet angle observed experimentally. As soon as the top graphene layer growth propagates onto the terrace, θ starts to decrease as a function of the growth time. Hence, we can use θ to characterize the nano-facet fracturing process due to graphene growth. θ can be measured directly by experiments using the definition above. Compared to experimental results, the KMC simulation can be used to provide some quantitative information about the nucleation and propagation barriers.
The initial surface for our statistical study of growthinduced fracturing is a periodic sequence of basal planes and nano-facets. We fix the height of the nano-facets to be 22.5 nm, which corresponds to h = 30 SiC triple bilayers. We use a long terrace width and a short total growth time so that no graphene strip coalescence occurs. For statistical purposes, the surface consists of 6 × 10 4 alternations of SiC(0001) and nano-facets, with a vicinal angle φ = 5.7
• . The growth temperature is fixed at 1800 K. We also fix the nucleation barrier E nuc /kT = 7.7 and treat the terrace propagation barrier E ′ prop as the only variable.
We now focus on the distribution of fracture angles at a given coverage. For simplicity only, we assume the energy barriers for all graphene layers are the same. Fig. 6 shows the distribution ρ(θ) of the normalized fracture angle tan (θ)/ tan (θ 0 ) for different choices of terrace propagation barriers E ′ prop with a fixed total coverage Θ = 0.5. If we define ∆E f = E nuc − E ′ prop , it is clear from Fig. 6 that the distribution of fracture angles shows a cross-over behavior as ∆E f increases. For ∆E f = 0, it is difficult for graphene to propagate on the terrace. After all the nano-facets are fully covered by graphene, the growth on the terrace starts almost simultaneously. This leads to a Gaussian distribution of fracture angles in Fig. 6 . This growth regime is very similar to graphene growth on vicinal surfaces for ∆E = 0, where all the steps are nucleated at the same time and a Poisson strip width distribution is found.
More interestingly, as ∆E f increases, Fig.6 shows that the distribution of fracture angles becomes more and more one-sided. Eventually, when ∆E f = 5.8, the distribution follows an intriguing power-law form, in which the probability is zero for θ values smaller than the minimum θ given in the figure. We do not fully understand the power-law probability distribution. Nevertheless, the change in fracture angle distribution can still be related to the strip width distribution for vicinal surfaces in Fig. 2 . For growth on vicinal surfaces, when the nucleation barrier is high, graphene is nucleated at some steps much earlier than at the others, leading to a shift of peak position to the right side in the strip width distribution (Fig. 2(b) ). In other words, longer strips start to dominate the distribution. Similarly, for growth on nano-facets, when ∆E f > 0, the nano-facets are fractured one after another in a wide time range. In the regime where ∆E f is big enough, the distribution is dominated by smaller values of θ made by longer top graphene layers. This leads to a one-sided distribution of θ. Given the above discussion, similar to the strip width distribution, the cross-over behavior of the fracture angle distribution can be considered as a competition between the nucleation process at the nano-facet and the propagation process on the terrace. When compared to experimental observations, the fracture angle distribution can be used to determine ∆E f .
We define θ m as the most probable θ in the fracture angle distribution. In the following, we give a simple analytic treatment to show how θ m evolves as a function of the growth time. If the experimental growth time is t E , the normalized θ m can be approximated by
In this expression, h is the original nano-facet height, and E
′′
prop is an effective terrace propagation barrier. To derive this equation, we do not consider the initial growth time spent on the nano-facet before the terrace growth occurs, which gives a small reduction to t E in Eq. 1. E ′′ prop accounts for both the top graphene layer terrace propagation barrier E ′ prop and the nucleation barrier for interface graphene layers. Increasing the number of interface graphene layers will reduce the relative horizontal distance between the top and the bottom terraces at the fractured nano-facet (i.e. the horizontal distance between block A and B in Fig.3(g) ). Both the initial growth time spent on the nano-facet and the nucleation of interface graphene layers have the effect of increasing θ. Therefore, it is expected that E
as a fitting parameter for our analytic model to see how it is related to E ′ prop . Fig. 7 shows the simulation result for the normalized θ m as a function of the KMC time τ K for different choices of terrace propagation barriers. Here we define ∆ = E ′ prop /kT . The KMC time is defined as τ K = t E r prop . Dashed lines are fitted curves according to Eq. 1. Despite the simplicity of Eq. 1, the model curves agree quite well with the KMC simulations for smaller ∆ and later growth times. This is likely caused by the adjustment of initial growth time spent on the nano-facet. Smaller ∆ indicates a faster graphene propagation on the terrace, which leads to a relatively shorter growth time spent on the nano-facet before the terrace growth occurs. Similarly, at later growth times when the initial growth time on the nano-facet becomes insignificant, the fitted curve also agrees better.
As we increase the terrace propagation barrier E ′ prop , the fitting parameter E ′′ prop is also found to increase. In fact, we find an excellent linear relationship between E Most experiments of graphene growth on SiC nanofacets are done at a temperature between 1600 K and 1800 K. We tested ∆E prop in this range, but no temperature dependence was found. ∆E prop also does not seem to be dependent on the original nano-facet height h. As we increase the nano-facet height from 22.5 nm to 100 nm, the change of ∆E prop is less than 10%, well within the accuracy of E This suggests that ∆E prop is only a function of the energy barriers in the model, and very weakly dependent on the growth temperature or the initial nano-facet height in the experimental parameter range.
V. CONCLUSION
We have presented a model for graphene growth on non-planar nano-facetted 6H-SiC substrates based on a previous model of growth on vicinal substrates. The simulation produces a surface morphology very similar to observations. A description of the formation process for this type of surface morphology is also provided. For graphene growth on nano-facetted SiC substrates, a fracture angle can be used to characterize the growth-induced fracture of a nano-facet. The distribution of fracture angles is found to be related to the graphene strip width distribution for growth on vicinal substrates. As the terrace propagation barrier decreases, the fracture angle distribution deviates from a Gaussian and eventually becomes a power-law. Our analytic result for the most probable fracture angle agrees well with the KMC simulations.
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